Six leucine auxotrophic strains of the white rot basidiomycete Phanerochaete chrysosporium were characterized genetically and biochemically. Complementation studies involving the use of heterokaryons identified three leucine complementation groups. Since all of the leucine auxotrophs grew on minimal medium supplemented with e-ketoisocaproate as well as with leucine, the transaminase catalyzing the last step in the leucine pathway was apparently normal in all strains. Therefore, the wild-type, auxotrophic, and several heterokaryotic strains were assayed for the activities of the other enzymes specific to leucine biosynthesis. Leu2 and Leu4 strains (complementation group I) lacked only x-isopropylmalate synthase activity; Leu3 and Leu6 strains (group III) lacked isopropylmalate isomerase activity; and Leul and Leu5 strains (group II) lacked j-isopropylmalate dehydrogenase. Heterokaryons formed from leucine auxotrophs of different complementation groups had levels of activity for all three enzymes similar to those found in the wild-type strain.
The basidiomycete Phanerochaete chrysosporium and other white rot fungi have potential applications in a variety of schemes for the bioprocessing of lignocellulose. Numerous studies have focused on lignin degradation (3) and cellulose metabolism (4) in P. chrysosporium, as well as on the bioprocessing of lignocellulose (13) . The purification and characterization of two extracellular enzymes involved in lignin degradation (6, 11, 17, 24) have increased our understanding of the biochemistry of this process. The elucidation of the genetic system in this fungus and comparison with analogous systems that have been thoroughly studied in other organisms could lead to the development of genetic methods for producing strains with enhanced lignindegrading capacities. Such methods would represent a significant step toward the utilization of this organism in bioprocessing applications.
In earlier studies we described methods for inducing colonial growth and for replica plating with P. chrysosporium (7) and determined the physiological conditions required for fruiting body formation (8). Subsequently we described the mutagenesis of conidia, the isolation of auxotrophic marker strains, and complementation studies with these various auxotrophs (10) . We also reported on the preparation, fusion, and regeneration of P. chrysosporium protoplasts (9) from auxotrophic strains. Most recently, we reported on the use of these auxotrophs for studies of genetic recombination (1) .
The enzymes and the gene loci and regulation involved in the biosynthesis of leucine have been studied in detail in several procaryotic and eucaryotic organisms, including Escherichia coli (23), Neurospora crassa (2, 12) , and Saccharomyces cerevisiae (14, 19, 25) . In this report we present the results of biochemical genetic studies on various enzymes involved in the biosynthesis of leucine in P. chrysosporium. Our wild-type strain, the five leucine auxotrophs described previously (10) , and a newly isolated leucine auxotroph were used in the studies. Heterokaryons made from leucine auxotrophs of different complementation groups were also used. We demonstrate that our six P. chrysosporium leucine auxotrophs correspond to mutations in three different genes, each leading to a deficiency of one of three enzymes specific to leucine biosynthesis. These mutations are analogous to those identified in other microorganisms (2, 12, 14, 19, 25) .
MATERIALS AND METHODS
Organism and growth media. Cultures of P. chrysosporium ME446 were maintained on slants of Vogel medium N (26), with thiamine replacing biotin (modified Vogel medium) (21), supplemented with 2% glucose. Auxotrophic strains were maintained on slants of double-strength modified Vogel medium supplemented with 3% malt extract, 0.5% tryptone, 0.5% yeast extract, and a vitamin mixture (22) . Heterokaryons were forced on minimal medium consisting of modified Vogel medium supplemented with 1% glucose (10) .
Fresh cultures for dry-weight determination were grown in liquid modified Vogel medium containing 2% glucose, with or without 3 mM leucine. Fresh cultures for crude cell extracts were grown in the above medium supplemented with 1.5 mM leucine for growth of the auxotrophic strains. The auxotrophs were also grown in the above medium supplemented with 1.5 mM ot-ketoisocaproate.
Chemicals. ,-Isopropylmalate (,B-IPM) for the isomerase and dehydrogenase assays was kindly provided by G. B. Kohlhaw, Purdue University. All other chemicals were purchased from Sigma Chemical Co.
Isolation of the leucine auxotroph. In addition to the five previously isolated leucine auxotrophs, a newly isolated strain (Leu6) was obtained through X-ray mutagenesis and tested for complementation with the other leucine auxotrophs as previously described (10) .
Dry-weight determinations. Spore suspensions (0.25 ml of suspensions of approximately 106 spores per ml) were inoculated into 250-ml flasks containing 20 ml of liquid medium as described above. Stationary cultures were incubated at 37°C. After 3 days, the mycelial mats were harvested by IPM isomerase activity was determined by monitoring the rate of formation of dimethylcitraconate from 3-IPM at 234 nm by the method of Gross (12) .
3-IPM dehydrogenase activity was determined by monitoring the reduction of NAD at 340 nm in the presence of P-IPM (16) . The initial rate of NAD reduction was determined by using a reaction mixture containing 100 mM potassium phosphate (pH 8.0), 0.7 mM MgCl2, 66 mM KCI, 1.1 mM NAD, 4.2 mM pyrazole, and 30 ,ul of cell extract.
1-IPM was then added to a final concentration of 1 mM in a total volume of 0.2 ml, and the new rate of NAD reduction was measured.
Protein concentration in the crude extracts was determined by the method of Lowry et al. (15) , with bovine serum albumin as the standard.
RESULTS
In an earlier report we determined the complementation groups for our five leucine auxotrophs (10) . The newly isolated leucine auxotroph (Leu6; OGC 1121-3) formed a heterokaryon on minimal medium with all other leucine auxotrophs except Leu3. Taken with our previous results (10), which we recently confirmed, these results show that these six auxotrophs form three complementation groups consisting of (i) Leul isomerase. The levels of a-IPM dehydrogenase activity in all three heterokaryons were similar to that of the wild type. DISCUSSION The leucine biosynthetic pathway has been elucidated in E. coli, S. cerevisiae, and N. crassa (2, 12, 14, 19, 23, 25) ( Table 3 ). The steps in this pathway are catalyzed by the specific enzymes a-IPM synthase, IPM isomerase, and P-IPM dehydrogenase (Fig. 1) . No mutants completely blocked in the final step of the pathway have been isolated. Therefore, it has been inferred that more than one enzyme can catalyze the transamination of a-ketoisocaproate to leucine (20) . We showed previously (10) that our P. chrysosporium leucine auxotrophs form three different complementation groups: group I (Leu2 and Leu4), group II (Leul and Leu5), and group III (Leu3). Complementation studies with our newly isolated leucine auxotroph, Leu6, indicate that it belongs with Leu3 in group III.
Although in the absence of leucine none of the leucine auxotrophs grew in liquid culture, in the presence of leucine they grew approximately as well as the wild type and heterokaryons made from leucine auxotrophs. The poor growth exhibited by Leul may be due to poor uptake of leucine or inhibition of growth by leucine in the medium (Table 1) . Since all of the auxotrophs grew well in liquid culture supplemented with ot-ketoisocaproate, none of these strains are deficient in glutamate-ca-ketoisocaproate transaminase, the final enzyme in the pathway (18) . The results of assays for the other three enzymes in the pathway (Table 2) confirm our complementation studies with heterokaryons. Fungal mutations in a single complementation group probably reflect different lesions in the same gene (5). While it is not certain that each of these mutations is in a structural gene, this is the most probable explanation, since each mutation negatively affects only one of the enzymes.
Although Leu4 does not grow in liquid minimal medium, it does occasionally grow at a very slow rate on minimal slants and plates. The low level of oa-IPM synthase activity detected in one assay (Table 2) suggests that Leu4 is leaky. In several instances, the specific activities of each of the other two leucine biosynthetic enzymes are considerably higher in the auxotrophs than in the wild type (Table 2) . Similar results have been obtained with N. crassa (14) . The high levels of IPM isomerase activity in Leul and Leu5 may reflect different levels of a-IPM. a-IPM induces the IPM isonlerase in N. crassa (13) . Although enzyme levels varied considerably among the three groups of auxotrophs, those within a group exhibited remarkably similar levels of enzyme activity. This suggests that the high enzyme levels in the auxotrophs as compared with those in the wild type, as well as the variation in activities among the three groups, probably reflect regulation of the pathway. Heterokaryons made from leucine auxotrophs in different complementation groups exhibited all three enzyme activities. The specific activity of IPM isomerase was higher in the heterokaryons than in the wild type, but lower than in the individual auxotrophs that possess the isomerase activity ( Table 2) .
The leucine genes in yeasts, E. coli, and N. crassa that are analogous to the leucine auxotrophs isolated from P. chrysosporium are shown in Table 3 . The P. chrysosporium genes have been classified according to the nomenclature system for Saccharomyces cerevisiae. Thus, P. chrysosporium Leu2 and Leu4 lack a-IPM synthase, corresponding to the yeast leu3 gene; Leu3 and Leu6 lack IPM isomerase, corresponding to the yeast leul gene; and Leul and Leu5 lack P-IPM dehydrogenase, corresponding to the yeast leu2 gene. With this biochemical characterization of the leucine auxotrophs of P. chrysosporium, we are now prepared to utilize these mutants in additional studies designed to further elucidate the genetics and molecular genetics of this organism.
